Abstract-Dielectric electro-active polymers (EAP) have a significant deformation response to electrical stimulation. The ease of fabrication of these materials makes them very suitable for product-integrated actuators. Existing electromechanical models do not fully integrate all aspects of the physical behavior needed to design such actuator systems. This paper presents an fully integrated, multi-physics model for such EAP actuators, combining the electrostatic properties of the electrical circuit with the compliant electrodes, the actual force output in the translation direction, nonlinear elastic behavior and damping of the polymer material. The capabilities of the developed model are discussed and verified with lab experiments.
I. INTRODUCTION Dielectric electro-active polymers (EAP) are lightweight, inexpensive, fracture tolerant, pliable, easily configurable and have a significant deformation response to electrical stimulation [1] . The attractive characteristics offer the potential of these materials being suitable for productintegrated actuators. Current models [1] [2] [3] [4] [5] [6] [7] [8] do not fully integrate all of the physical domains needed to design actuator systems. A model, which fully integrates the multiple physical domains, but retains the electro-static, mechanical, and mechanical models would substantially facilitate design.
This paper presents such a multi-physics model for EAP actuators, combining the electrostatic properties of the electrical circuit with the physical properties of compliant electrodes; of the polymer material. The capabilities of the developed model are discussed and verified with lab experiments on test EAP actuators.
II. NONLINEAR MODEL OF POLYMER ACTUATOR

A. Electrical Circuit of the Actuator
The pre-strained polymer with applied compliant electrodes on the top and bottom side can be considered as a capacitance, C p (x 1 ,x 2 ,x 3 ), depending on its geometry. Furthermore the compliant electrodes and the special high voltage cables can be treated as a serial connection of resistances R p +R and an inductance L p . The electrical circuit is depicted in Fig. 1 . 
Substituting e c (t) = 1
and defining the system state vector as
the state space equations can be given by di dt = 1
and
The capacitance, C p (x 1 ,x 2 ,x 3 ), will change, when the dimensions (length x 1 , width x 2 , thickness x 3 ) of the polymer alter by an external load. Figure 2 show how the electrical circuit can be transformed into a state block diagram. 
Assuming that the polymer is the dielectric with the parallel plates formed in the x-y plane, then C p can be computed by
which is a function of λ.
B. Induced Pressure and Traction on the Actuator
When charging the compliant electrodes, the unlike charges attract each other and induce a compressive pressure σ maxwell perpendicular to the area of the compliant electrodes [5, 6, 10] 
Given that q = C p V, and (7) the physical compressive pressure can be restated as
This keeps the form consistent with the state variables selected in (2) . The accumulation of charge on the capacitor plates will produce a pressure force. With the plates being the compliant electrodes, the electrostatic pressure will force the polymer actuator to mechanically contract in thickness and expand in area as depicted in Fig. 4 . 
C. Dynamics and the Neo-Hookean Model of an EAP Actuator
When subjected to modest loads, most solids obey Hookes Law, which is a linear elastic model. This model quickly fails when the strain becomes large. In the case of EAP material, the elastomer can deform as much as 800% in laboratory conditions. One of the features of the elastomers is that they can undergo large deformation from which they fully (or almost fully) recover, thus no permanent deformation. There exists standard models such as Neo-Hookean and the MooneyRivlin model which utilize the strain energy function (SEF) and/or finite strain (SF) theories and a convolution relationship between stress and strain rate. The analysis of the actuator is then transformed into a plane-stress analysis.
The configuration or deformation of the actuator will be depending on the balance of stresses. The external load stress can be defined by
where F L is the external load force. The approximation is appropriate because of the EAP actuator design where the two end areas are fixed. Formulating the problem by putting the σ maxwell on the x-y plane, and the external load stress σ load on the y-z plane, one can obtain the problem in a plane stress configuration. For simplicity, the Neo-Hookean model has been used for the analysis. Following the SEF of the Neo-Hookean material,
where
, and C1 is a material constant, using the standard solid mechanics analysis one can compute the stress on each surface. 
where p is a hydrostatic force and G is the shear modulus. Equating S (by components) with the applied stress, yields 1
The relations suggest that the stresses are coupled by the incompressibility of the material. The deformation is also related to the material shear modulus, constant G. It should be noted that even though the material can sustain large deformation, there is an operational limit at about 300% strain. Beyond 300% strain, an extremely large stress has to be applied to obtain further deformation. Following the kinetic theory of rubber elasticity [11] , which is a special case of uniaxial loading under the Neo-Hookean model, the stressstrain relation can be expressed as
(12) Figure 6 shows this stress-strain relationship. The interpretation is that when a compression (negative) stress is applied, a substantial increases of stress is required beyond λ = 0.3. In other words, when the λ 3 > 0.3, a dramatic increase of σ maxwell is needed to give further extension in λ 1 . 
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Extension Ratio (λ 3 ) Fig. 6 . Neo-Hookean model whereby for λ 3 < 1, a compression force is required and for λ 3 > 0.3, a dramatic increase of the stress suggests a theoretical limit to the maximum deformation
D. Combined Nonlinear Model and State Block Diagram
Combining (10) and (11) and substituting in (6), one can arrive at the following stress balance relation
which relates the extension ratio λ, the charge q, and the external load force F L . The material elasticity term Note that this is not in the standard linear block diagram format since the terms are nonlinear and the cross-coupled feedbacks are shown as multi-input functional blocks. As suggested by (10) and (11), the stresses are coupled by the incompressibility, thus the feedback of λ can be seen in these blocks. The damping term, b, is an inherent property of the polymer material.
A complete non-linear state block diagram, which integrates the electrical and the mechanical model, is shown in Fig. 8 . Noted that C p has been replaced by (7) , and the output x is the actual extension of the actuator. When a voltage is applied, charges are built up on the actuator causing the deformation. This model is now suitable for experimental evaluation and for integration into controls-oriented design of EAP actuator systems.
E. Command feedforward realized by the analytical model
Command feedforward (CFF) control can be used to improve command tracking, allowing the closed-loop controller to primarily be designed to improve disturbance rejection. CFF can be realised if the physical model of the system is known or well approximated. Since the electrical dynamics are much faster than the mechanical dynamics, the capacitor voltage can be well approximated by the supply voltage, from which one obtains a different form of the stress balance relationship (13) as
Solving h(V,F L ) for V and rewriting as where λ* is the desired extension, one thus obtains V as a function of λ* and F L . Note that because of incompressibility, if λ* < λ where λ is already determined by F L at the static state, then V will be complex which implies that λ* is not achievable. Figure 9 shows the nonlinear properties of the voltage, deformation, and load force relationship in a 3-D format. The parameters of the model were estimated or measured and are given in Table 1 . 31 mm x 3 0.5 mm IV. ANALYTICAL AND EXPERIMENTAL RESULTS The developed model was used to evaluate the design and behavior of the EAP actuator. The analytical results were compared with the experimental behavior of the actuator. Figure 11 overlays three voltage-displacement plots. The model results are similar to the experimental response. A fixed load is applied to the actuator to simulate a constant applied force. The simulation (theoretical) model overestimates the response of the actuator due to the assumption of λ 2 = 1 is not fully satisfied by the crude fabrication of laboratory specimen. The growth rate of λ should be reduced by 1/ 2, which is shown as the corrected plot. Also, the data from the region near 2500V is not accurate due to the noise from the DC to highvoltage DC converter. Thus, the data at that region does not truly reflect the behavior of the actuator.
A. Voltage-Displacement Relationship
B. Deformation/Displacement
The model estimated the actuator extension under various load and results were compared with the experiment data. A series of external load at 0.1N increment with 0.5N initial load were applied to the actuator and a 3000V step voltage was then applied. Figure 12 shows the experimental results. 
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Time(s) Fig. 12 . Experimental results.to a step input At constant voltage, small creep behavior has been observed. This relaxation phenomenon has been reported in [12] . The inaccuracy can be explained by the validity of the assumptions. With the increase of the external load causing the actuator to deform "out of shape," the geometry assumptions no longer hold. It could also due to the nonlinearity of the material and the accuracy of the Neo-Hookean model. The model begins to underestimate the extensions but it still can describe the general behavior up to the maximum strain limit.
C. Non-linear Polymer Behaviour
It is a known fact that viscoelastic materials often exhibit hysteresis. This can be observed during cyclic loading of the EAP material as shown in Fig. 13 . VI. CONCLUSION The model presented integrates the multi-physics properties inherent in electro-active polymer actuators. It retains the physical attributes needed for design and modelling for control. It helps to understand the highly nonlinear behaviour of EAP actuators stimulated by charges.
To properly describe the time-dependent behaviour of the material used by the actuator, it is possible to model the system in finite element tools such as FEMLab TM , and import it into Matlab/Simulink TM . The parameters required for the viscoelastic model can be obtain by static and dynamic mechanical evaluation. The preferred viscoelastic model will be a standard linear model as it will have additional dynamics that are not included in the Kelvin model.
The experimental results also suggest some design and operational properties of EAP actuators. Viscoelasticity and other time-dependent properties such as creep are issues that are dependent on materials engineering.
